INTRODUCTION
Centrifugal pumps have been employed worldwide in patients with severe heart failure after open heart surgery, or even as a bridge in patients awaiting cardiac transplantation. The advantages of centrifugal pumps over pulsatile assist devices include their high pump efficiency, ease of handling, freedom from prosthetic valves, and low cost. However, the centrifugal pumps currently available have a shaft and seal, which restrict life expectancy due to problems such as blood leakage, thrombus formation, or friction. The life expectancy of the centrifugal pumps is limited to no more than 3 days. Thus, the pump head must be frequently changed in long-term assist, placing a great burden not only on the patients but also on the clinical staff members. Many surgeons have been anticipating the development of a durable centrifugal pump which can operate continuously for one month or more with minimal risks of thrombus. 0391-3988/562-08 $04.00/0
To overcome the problems deriving from the shaft seal and thereby to extend the life of the pump, we developed a magnetically suspended centrifugal pump (MSCP), which generates centrifugal force via a rotating floating impeller. The impeller is suspended between the walls of the pump casing with magnetic forces produced by permanent magnets and electromagnets, and it rotates without contact inside the casing. The MSCP is therefore expected to have long-term durability and could be further developed for application as an implantable ventricular assist device. The prototype has already been modified several times to improve its hydrodynamic efficiency and to reduce its size. Thus far, we have reported the in vitro pump performance, hemolysis test results, and preliminary results of an animal experiment (1) (2) (3) (4) (5) . The hemolysis test revealed that the MSCP compared favorably with the Biopump (BP-80, Medtronic Bio-Medicus, Eden Prairie, MN) with respect to destruction of blood components. The purpose of this study was to evaluate the pump's performance and durabi- lity, as well as influence on blood components and antithrombogenicity in a chronic animal model in sheep. In general, the pump flow of centrifugal pumps fluctuates as the pressure head (pressure difference between the inlet and outlet of the pump) changes. In order to alter the pressure-flow (P-O) relationship characteristics, three regulation methods of the MSCP (costant rotatioal speed mode, constant motor current mode, and controlled motor current mode) were also investigated.
MATERIALS AND METHODS

Pump structure
The MSCP is composed of a motor unit, an impeller within a pump casing, and a magnetic bearing ( Fig. 1 ). The MSCP is described in detail elsewhere (2, 3) . Briefly, the motor unit contains a DC brushless motor and a rotor. The rotor has 24 embedded samarium permanent magnets. The pump casing is made of polycarbonate and has an internal impeller that pumps blood in and out. The impeller consists of three segments: the plate on the motor side that is made of polycarbonate with 24 embedded samarium magnets coupled to those of the rotor of the motor; the plate on the electromagnet side made of ferrite stainless steel as the magnetic material; and between the two plates 7 vanes made of polycarbonate. The magnetic bearing contains 3 electromagnets and 3 position sensors. The paired permanent magnets of the rotor and the impeller produce magnetic attraction. On the opposite side, the electromagnets produce a contrary magnetic force against the permanent magnets thus causing the impeller to float inside the casing. It is therefore suspended magnetically between them and rotates synchronously with the motor. Three position sensors control the gap between the impeller and pump casing within 0.2 mm. The regurgitant flow occurs through the gap and wash out blood, designed to avoid the stagnation of blood and thrombus formation. The specifications of the current model are as follows:
Size: 75.0 x 82.0 x 50.5 mm Weight: 430 g Prime volume: 20 ml Impeller: 7 vanes, 50 mm in diameter, 9.6 mm in width 
Efficiency: 30%
The inner surface of the pump in the prototypes was coated with silicone or heparin. Silicon was used in the first five pumps, while Heparin (6, 7) was applied in the three more recent pumps. The pump is connected to a compact driver with a cable. The driver includes the MSCP controller and monitor of the motor current and rotational speed.
Experimental protocol
Paracorporeal assist circulation for the left ventricle was established between the left atrium and the descending aorta using the MSCP in 8 adult sheep (40-57 kg) ( Fig. 2 ). All animals received humane care in compliance with the "Principles of Laboratory Animal Care" formulated by the National Society for Medical Research and the "Guide for the Care and Use of Laboratory Animals" published by the National Institutes of Health (NIH publication 85-23, revised 1985). The sheep were anesthetized with thiopental sodium and endotracheally intubated. The anesthesia was maintained with halothane. A left thoracotomy and fifth-rib resection were then performed. A monitoring line for the arterial pressure was inserted into the left internal thoracic artery. After heparin (1 mg/kg) was administered, a prosthetic vascular graft (12 or 14 mm) for an outflow cannula was sutured to the descending aorta, and a drainage cannula was inserted into the left atrium using a purse-string suture. The MSCP was positioned externally on the back of the sheep. Two drainage tubes were placed in the thoracic cavity and the chest was closed. The tubes were removed after 2 or 3 days. Antibiotic agent (aspoxicillin, Doyle, Tanabeseiyaku, Osaka, 4 g/day) was injected for 5 days after operation. Anticoagulation was performed with warfarin potassium (Warfarin, Eizai, Tokyo, 4-10 mg/day) in addition to antiplatelet therapy with ticlopidine hydrochloride (panaldine, Daiichiseiyaku, Tokyo, 200 mg/day). Prothrombin time (PT) was kept between 16 and 20 seconds. All animal handling and experiments were conducted in a gentle manner to minimize the stress and discomfort of the sheep. The sheep were kept in an air-conditioned room in a cage that was cleaned every day, they had free access to water and food. The cable between the pump and the MSCP driver was positioned above the cage. The MSCP was suspended from the cage with a balancer to decrease its weight on the sheep. The whole circuit including the cannulae and connectors was coated with silicon or heparin to avoid thrombus formation, except in the first two experiments. The motor current and rotational speed were constantly monitored. The following three parameters were measured: pump flow using an electromagnetic blood flowmeter (Nihonkohden Corporation, Tokyo), inflow pressure, and outflow pressure. A Swan-Ganz catheter (Thermodilution catheter, Terumo Corporation, Tokyo) was used to obtain the total blood flow in the first 4 experiments. A blood sample was withdrawn from the outlet pressure monitoring tube once or twice a week for determination of the blood cell counts and levels of plasma free hemoglobin, creatinine, and glutamic pyruvic transaminase (GPT).
Comparison of driving modes
Three types of driving mode regulating the MSCP were examined during the experiments: a constant rotational speed mode (conventional method), a constant motor current mode, and a controlled motor current mode, in this order. In the constant current mode, the rotational speed varies depending on the pressure head while the motor current is fixed. In the controlled current mode, the motor current changes automatically as the rotational speed moves.
In Experiment 1 and 2, we used the constant rotation speed mode, but the pump flow greatly fluctuated as the afterload changed. To reduce the flow fluctuation, the constant motor current mode was examined starting with Experiment 3. Moreover, the controlled motor current mode was tested for a short period during Experiment 4 in order to change the pressure-flow relationship characteristics. Comparison was made by occluding the outflow tube to change the afterload. In Experiment 8, the flow fluctuations were compared between the constant rotational speed mode and the constant motor current mode. The pump flow rates were recorded in consecutive 30-minute periods under each mode. The condition of the sheep was similar. During the study, the sheep was always standing and was sometimes eating food or drinking water. 220 . . , --------------------: ; i l M thus the assist rates to the systemic flow were around 50-70%. Pulsatility almost disappeared when the sheep were sitting or sleeping, while it ranged from 10 to 30 mmHg of pulse pressure when standing, moving, or feeding. The sheep were still alive under such diminished pulsation. The duration of each experiment and the cause of termination are shown in Table II . No mechanical failure occurred in any pump. Thrombus often developed in the circuit particularly around the connections. It caused embolism, which was the main reason for termination of experiments. PT was sometimes less than 16 seconds despite administration of warfarin. Thrombus located in the pump was seen only in Experiment 4, which was observed in a gap, formed by cracking of the polycarbonate, between the impeller and the casing on the motor unit side (Fig. 3) . The chloroform treatment applied to smooth the surface might have been responsible for the cracks because no thrombus was observed in the opposite gap on the magnetic bearing side where the surface had been polished with ethylene chloride. We therefore, changed the polishing method, treating surfaces with ethylene chloride, thus we observed no further thrombus formation in the pumps from then on. In Experiment 8, the pump functioned the longest for 60 days. The pump flow suddenly decreased due to an unknown cause, which was discovered 11 hours after its occurrence. No definite thrombus formation was observed inside the pump but connectors between the circuit and the pump, although fresh thrombus was observed in the entire system probably due to the extremely low pump flow.
The plasma free hemoglobin level for the entire group ranged from 3 to 19 mg/dl. No reduction in the counts of the red blood cells or platelets was observed. No impairment of the renal or hepatic function was recognized. The hematological results with the time courses in Experiment 7, in which the sheep lived for 37 days and died of embolism due to thrombus formation around the connectors, are presented in Figure 4 . Elevated GPT and creatinine levels were noted due to the embolism on the 37th day. F test was used to evaluate the difference in flow fluctuation between the regulation methods. data were expressed as mean ± standard deviation. Differences were considered statistically significant when the p value was less than 0.05.
Comparison of the driving modes
RESULTS
The assist conditions are shown in Table I . The flow rates ranged from 2.5 to 6.0 Llmin, the pressure head from 100 to 160 mmHg, and the average total systemic flow measured by Swan-Ganz catheter from 5.0 to 7.0 Llmin, The characteristics of the constant motor current mode are represented in Figure 5 , which shows the relationship of the rotational speed to both the pressure head (top) and the pump flow (bottom). The rotational speed was directly correlated with the pressure head (W = 0.996, P < 0.0001), increasing linearly as the pressure head rose. Top: Relationship between the rotational speed and the motor current. In the constant rotational speed mode the motor current varied, while in the constant motor current mode the rotational speed changed. In the controlled motor current mode (Gain 1 and Gain 2), the motor current is regulated in accordance to the rotational speed, i.e.. both the motor current and the rotational speed changed. The gain means the proportional rate of the increase in motor current to the increase in rotational speed (D. AID.rpm). Gain 1 is medium (D. AID.rpm = 2.09 X 1(}4), and Gain 2 maximum (D. AID.rpm = 3.72 X 1( 4 level is negligible. The in vitro hemolysis test using fresh bovine blood also disclosed a low hemolysis level (3, 4) . The index of hemolysis (8) was 0.0035 ± 0.0025 g/100 L under the pressure head of 100 mmHg, and 0.0095 ± 0.0061 g/100 Lunder 150 mmHg, that is lower than those obtained with the Biopump. Thus, the MSCP could be safely used in vivo.
DISCUSSION
The rotational speed and the pump flow were inversely correlated (R2 = 0.971, P < 0.0001). As the rotational speed consistently increased as the flow rate decreased, the pump flow rate could be relatively estimated by merely obtaining the rotational speed.
The results of the comparison of the three driving modes are demonstrated in Figure 6 . The controlled motor current mode is an evolution of the constant motor current mode. As previously described, an increase in the rotational speed under the constant motor current is the equivalent of an increase in the pressure head and a decrease in the pump flow. Therefore, under the controlled current mode, the motor current is regulated according to the rotational speed. The motor current consistently increased to compensate the decrease in the pump flow as the rotational speed increased. The proportional rate of the increase in motor current to the increase in rotational speed (Li A / Lirpm), which is called "gain", can be controlled. In this figure, Gain 1 means medium gain, and Gain 2 maximum gain. Figure 6 also shows the relationship (bottom) between the pressure head and the pump flow (P-Q). A higher gain resulted in a steeper P-Q slope. By setting the maximum gain (Gain 2), the pump flow was kept almost constant. In the constant current mode, the P-Q slope became steeper than that in the constant rotational speed mode. Therefore, a steadier pump flow would be obtained under the constant current mode. In Experiment 8, the flow fluctuation was in fact decreased under the constant current mode compared with that under the constant rotational speed mode (Fig. 7) .
The development of a centrifugal pump, capable of continuously operating for a long duration, has been long awaited mainly because of its small size, high efficiency, easy controllability, and low cost. The MSCP was developed for long-term use. It contains no shaft or seal, and its impeller rotates without contact. There is no friction, no blood leakage, and no blood stagnation in the pump. The MSCP is therefore expected to have a long-term durability.
In the experiments in a chronic sheep model, we observed no mechanical breakdown with the pumps. Furthermore, the MSCP had no deleterious influence on blood components, and no reduction in the counts of red blood cells or platelets was observed. The plasma free hemoglobin level ranged from 3 to 19 mg/dl, indicating that the hemolysis on the afterload, especially under the constant rotational speed. Low perfusion of tissues at high afterload is dangerous in pump dependency with severely damaged cardiac function. We were also concerned that a momentary low flow could cause thrombus formation in the pump. In our comparison of driving modes, we found that the constant motor current mode provided a steadier pump flow, because the slope of the P-Q relationship became steeper in this mode compared with the constant rotational speed mode. Thereby, the flow fluctuation at the change of afterload decreased. In addition, the P-Q slope can be regulated in the controlled motor current mode. There should exist a desirable P-Q slope in individual clinical conditions such as according to the severity of the heart failure and the demands of tissue oxygenation. For instance, we sometimes need a relatively steady flow in patients with profound heart failure at the shock stage. Unlike commercially available centrifugal pumps, the MSCP in the controlled motor current mode provides an adequate and steady flow, which is similar to that of the roller pump. Although the controlled motor current mode was not applied for long duration in the sheep experiments, it might be beneficial in some assist situations.
In the constant current mode, the pump flow was inversely correlated with the rotational speed. Using this characteristic relationship, one can detect changes in the pump flow by monitoring the rotational speed. The MSCP is suitable for applying this principle because it has no shaft or friction. When the blood viscosity is obtained, the pump flow rate can be calculated by using the motor current and the rotational speed (9) . Thus, a flow probe is unnecessary, which is beneficial, especially when the MSCP is implanted in the body.
It is an on-going medical controversy whether or not pulsatility is necessary to keep animals or humans alive for a long time. Until now, it has been impossible to perform such a long-term study with nonpulsatile perfusion due to the technical difficulties in producing a durable pump. Some medical reports suggested that nonpulsatile perfusion was acceptable for survival (10) (11) (12) . We examined the hepatic circulation during nonpulsatile cardiopulmonary bypass in humans and concluded that hepatic blood flow is maintained as long as the systemic blood flow is adequate (13) . Tominaga et al also reported that the carotid blood was significantly correlated with the systemic pump flow rate under chronic nonpulsatile blood flow in calves (14) . Other reports also suggested that a high pump flow dimishes the disadvantage of nonpulsatile perfusion (15, 
Preventing thrombus formation is mandatory when an artificial heart is used. Thrombus located in the MSCP was observed only in one pump. Since the chloroform treatment applied to smooth the surface of the polycarbonate may have been responsible for the thrombus, the polishing method was chanced so that all surfaces were treated with ethylene chloride. The inner surface of the pump was also coated with silicon or heparin because non-coated MSCP resulted in thrombus formation after 2 hours of operation in the preliminary animal experiments (4). We first applied silicon solely because it was readily available. In the pumps used in the last three experiments, heparin coating was applied after polishing with ethylene chloride, and no thrombus formation was observed. However, thrombus formation was frequently recognized in the circuits especially around connections. The anticoagulant therapy with warfarin combined with ticlopidine may prove insufficient, because the PT was sometimes out of the optimal range with a nominally adequate dose. Although continuous infusion of heparin should be more reliable in terms of strict management of anticoagulation, we adopted the regime of oral drugs alone to mimic the conditions in ambulatory patients with similar devices. The method of coating the pumps as well as the circuits should be further investigated. Now that a pump that is durable from a mechanical point of view has been developed, preventing thrombus formation in the entire system becomes a key issue for long-term use.
The hemodynamic performance of the MSCP is sufficient for left ventricular assist, provided that the pump afterload is not largely changed. The pump flow depends 16). According to these reports, the pulsatile flow might be beneficial only at a low flow rate. Moreover, since the native ventricle generates some degree of pulsatile flow, nonpulsatility of the pump itself for the ventricular assist may be less important. In the current chronic study, the renal and hepatic functions were not impaired and the sheep were healthy under the circumstance of diminished pulsatility. Although the blood circulation was not fully nonpulsatized, the results suggested the potential use of a centrifugal pump for long-term circulatory support.
The ultimate goal of our efforts to develop the MSCP is the creation of an implantable ventricular assist device. The size has been reduced in the current version. The power requirement may be decreased from about 15 W with this version to 12 W in future versions by means of reducing the electromagnet power. The heat generation is of an acceptable level (less than 42°C (17)).
In conclusion, an innovative centrifugal pump has been developed for long-term use. The MSCP has a long life expectancy, because it contains no shaft or seal and operates as a bearingless pump. In the present study, the MSCP was demonstrated to be durable for more than a
